A spin ice is a three-dimensional network of cornersharing tetrahedra with spins at the vertices. At low energies the spins obey "ice rules," i.e., they point towards or away from the center of the tetrahedron in a two-in and two-out configuration, similar to positions of protons around an oxygen atom in ordinary ice. In a paper in Physical Review X, Kate Ross at McMaster University in Ontario, Canada, and collaborators report using inelastic neutron scattering in a strong magnetic field to determine the microscopic Hamiltonian for the spin-ice material Yb 2 Ti 2 O 7 [1]. They find a system with strong quantum fluctuations, which should give rise to a novel phase of matter, a kind of quantum spin liquid, in low magnetic fields. In such a phase, the original microscopic degrees of freedom, the spins, freeze out and instead only collective excitations of many spins remain active. The latter can be described as electric and magnetic charges and photons, the dynamical variables of a fictitious quantum electrodynamics.
hedron in the configuration that has two spins pointing towards the center and two away from it [ Fig. 1(a) ]. From Pauling's classic work [3] on ice, we know that the number of states that obey these "ice rules" grows exponentially with the size of the system and leads to finite entropy. Indeed, an early success in the study of spin ice was the determination of this entropy from measurements of specific heat [4] .
The spin-ice materials that have been studied the most to date, Ho 2 Ti 2 O 7 and Dy 2 Ti 2 O 7 , are examples of classical spin liquids. In these materials, low-temperature behavior is indeed characterized by emergent degrees of freedom, as the spins cannot fluctuate independently and continue to satisfy the ice rules. Defects resulting from the violation of the ice rules lead to magnetic monopole excitations, which interact via the 1/r Coulomb potential [5] . Their existence has been confirmed through a number of experiments [6] . But in these materials, the transition from one low-energy configuration to another occurs through thermally assisted processes, analogous to the situation in ordinary liquids like water. Such a system lacks quantum coherence, and it is appropriate to call it a classical spin liquid.
In contrast to these materials, Yb 2 Ti 2 O 7 and a few others like Er 2 Ti 2 O 3 are examples of a quantum spin ice. They are characterized by an effective spin-half degree of freedom and their nearest-neighbor exchanges dominate over the long-range dipolar interactions. Furthermore, various spin-flip parts of the exchange interaction, which can lead to quantum tunneling between different classical configurations, can be quite appreciable. Earlier work by Thompson et al. [7] used inelastic neutron scattering in zero field at relatively high temperatures to determine these exchange constants.
Kate Ross and her coauthors focus on inelastic neutron scattering data at low temperatures and high fields. At high fields, the system is adiabatically related to a fully polarized phase, where all the spins point along the field. This is confirmed by the very sharp dispersive spin-wavelike spectra seen in the experiments. This regime is also amenable to a semiclassical theoretical treatment, which allows them to calculate the dispersion of the spectral lines and spectral weights accurately, and compare with the experiments. The agreement for the best-fit exchange parameters is remarkably good throughout the Brillouin zone. This gives them confidence in their measurements.
Some of the spin-flip terms found in these materials are comparable to the classical terms responsible for the spin-ice constraint. These quantum mechanical processes can lead to two opposing tendencies at low temperatures. They can drive the system to a long-range ordered solid phase by lowering the energy of a particular configuration of spin ice more than the others. Or, they can lead to a highly resonating quantum spin-liquid phase [8] . It is worth remembering that quantum liquids are extremely rare indeed. As a material, helium is the only quantum liquid; all other materials freeze into a solid phase.
Hermele et al. [9] , following earlier work by Huse et al. [10] , demonstrated theoretically the existence of a quantum spin-liquid phase in a spin-ice model, by mapping to an exactly soluble quantum dimer problem [11] . They argued that in the vicinity of this soluble model there exists a special quantum phase with emergent gauge fields, photons, electric and magnetic monopoles [ Fig. 1(b), left panel] , and topological order [12] . Quantum Monte Carlo simulations confirmed the existence of such a phase [13] . However, the types of spin-flip terms in these materials are quite different from those studied in the simulations, and it remains to be seen if the specific model found by Ross et al. for Yb 2 Ti 2 O 7 can be efficiently studied by controlled numerical methods in zero field.
Ross et al. argue that Yb 2 Ti 2 O 7 should be a quantum spin liquid at low fields for two main reasons. First, their mean-field theory for an ordered state fails to describe the experiments. Second, at low fields the sharp dispersive modes give way to only diffuse neutron scattering, which implies an absence of conventional order and may reflect the emergence of new degrees of freedom, which do not couple to the neutrons in a simple way.
However, much work remains to be done. There is evidence of a finite-temperature anomaly in thermodynamic and spectral properties at a temperature an order of magnitude below the mean-field ordering temperature [1] . This is not yet understood. Also, in the case of a quantum spin liquid, there must exist a quantum phase transition that separates it from the high-field polarized phase [ Fig. 1(b) , right panel]. Such a phase transition has not been precisely located. Clearly, the diffuse neutron scattering in the low-field phase contains important clues and its quantitative understanding will be essential for establishing the quantum spin-liquid behavior. Thermodynamic and spectroscopic signatures of the emergent photon mode, if found, would also be really exciting. However, the possibility of a more conventional phase, with either impurities or frozen-in domain walls, or both, has also not been ruled out.
The quest for a quantum spin-liquid phase with emergent properties remains one of the key goals of the field. These materials add to a small but growing list of experimental candidates. Hopefully, definitive results on real quantum spin liquids are not far away.
